Water permeability characteristic of concrete made from crushed clay bricks as coarse aggregate is investigated and compared with concrete made from natural stone aggregate. For this, six different brick and five different natural stone samples were selected. Crushing strength of brick samples and water absorption of aggregate produced from them were also measured. Concrete samples of three different compressive strengths were prepared as per ACI mix design method from each of these aggregate samples. Compressive strength of concrete that could be achieved with brick aggregate varied between 19 and 28 MPa, whereas, for stone aggregate, compressive strength varied between 24 and 46 MPa. These samples were then tested for water permeability using the AT 315 machine as per EN 12390-8: "Depth of Penetration of Water under Pressure." Experimental results and subsequent analysis indicate that water permeability of brick aggregate concrete is 225% to 550% higher than that of concrete made from natural stone aggregate of identical compressive strength. Water permeability was found to be directly related to compressive strength, water absorption, and porosity of hardened concrete. It was also observed that water permeability of concrete is influenced by water absorption of brick aggregate and crushing strength of brick.
Introduction
Concrete is the main ingredient in ever growing construction industry of Bangladesh. As natural stone is in short supply and hence expensive, crushed burnt clay bricks are extensively used as an economic alternative coarse aggregate in preparation of concrete in Bangladesh for construction of midrise residential and factory buildings, rigid pavements, and small and medium span bridges and culverts [1] . Properties of brick aggregate vary appreciably from natural stone aggregate in the context of strength, toughness, and other related indices [2] . Since coarse aggregate occupies a large share of concrete volume, therefore, it is presumable that the properties of concrete made from brick aggregate will vary appreciably from that made of stone aggregate. Though compressive strength of concrete in the normal range can be achieved satisfactorily, however, it is the durability properties like water permeability, creep, and shrinkage that has always been a concern for brick aggregate concrete. Water permeability is an important issue for concrete made from crushed clay bricks because brick aggregate is far more porous and hence permeable than granite and other natural stone aggregates [3] . There are a number of works that have been reported till today on properties of concrete made from brick aggregate [1] [2] [3] [4] [5] [6] [7] [8] . However, none of these have extensively investigated water permeability of brick aggregate concrete except Debeib who has shown that it is possible to manufacture concrete containing crushed bricks (coarse and fine) with water permeability characteristics similar to those of natural aggregate concrete provided that the percentage of brick aggregate is limited to 25% and 50% for coarse and fine aggregates, respectively [5] . However, authors of this work feel that a systematic and comparative study of both natural stone and crushed clay brick aggregate concrete will assist in understanding the salient features of water permeability characteristics of brick aggregate concrete. This will also help designers and engineers using brick aggregate concrete in predicting the expected water permeability behavior. Outcome of this research would be a significant addition to the existing knowledge in this field because 2 Advances in Materials Science and Engineering [9] . Test results were analyzed to examine the increase in water permeability associated with brick aggregate concrete compared to corresponding concrete made from natural stone aggregate. Several brick, brick aggregate, and concrete properties that include crushing strength of brick, water absorption of brick aggregate, water absorption, and porosity in hardened concrete were also measured. Influence of these properties on water permeability behavior of corresponding concrete was also investigated. [10] was used for preparation of all concrete samples. By using one type of cement the effect of varying the types of coarse aggregate in concrete was investigated.
Materials Used

Fine Aggregate.
One type of natural coarse sand was used throughout the experimental work so as to keep the fine aggregate parameter constant. Sieve analysis was carried out in accordance with ASTM C136 [11] . The results of this analysis showed that the sand used fitted within the limits set out in ASTM C33 [12] . Unit weight of aggregates was also determined in accordance with ASTM C29/C29M [13] whereas water absorption and specific gravity of fine aggregate were found in accordance with ASTM C128 [14] . 
Brick and Stone
Aggregate. Brick aggregate was produced by breaking down whole new bricks on a solid concrete surface using a hammer. Natural crushed sandstone boulders were used as stone aggregate. In this work, five different types of natural stone boulders were collected from diverse sources. For comparison purpose, bricks and stone boulders were crushed in a way so that they possess similar gradation and approximately same fineness modulus to negate the effect, if any, of size and shape on water permeability behavior of concrete. Additionally, it was also ensured that grading limits set out in ASTM C33 [12] is strictly maintained. Before preparing concrete, different properties of both brick and stone aggregates were measured. This includes water absorption and specific gravity as per ASTM C127 [16] and Los Angeles (LA) abrasion test as per ASTM C131 [17] . Test results are presented in Tables 1 and 2 . Observation of these results show that stronger bricks have higher density and lower LA abrasion value. Additionally, all brick aggregates have lower density than that of crushed stone aggregate. Therefore, concrete of lower density may be achieved through use of brick aggregate. Water absorption of brick aggregate, on the other hand, was found to be several times higher than that of stone aggregate.
Testing Scheme
Mix Design and Mixing Method.
The procedure for design of concrete mixes with normal aggregate can be used to design mixes using crushed brick aggregate [3] . In this work, mix design ratios for both stone and brick aggregate concrete with target compressive strength of 20.0, 30.0, and 40.0 MPa were evaluated from ACI method [18] with a water cement ratio ( / ) of 0.4, 0.5, and 0.6, respectively, considering slump value in the range of 25 to 50 mm. Required quantities for cement, water, coarse, and fine aggregate for all brick and stone aggregate are presented in Table 3 . Since water absorption of brick aggregate is much higher, it is recommended to soak the brick aggregates in water prior to adding to the concrete mixture [2, 3, 6] . Otherwise, a large part of water from mix design calculation will be soaked by the aggregate and will not be available to react with cement changing the water cement ratio. Hence, both stone and brick aggregate were soaked in water for 48 h and added to the mixture in a saturated surface dry condition. Water absorbed in the aggregate is in addition to the water requirement from mix design calculation as shown in Table 1 . Fine aggregate was dried for 48 h in oven at 110 ∘ C and was allowed to cool to room temperature before adding to the mixture. Water requirement from mix design process was adjusted to consider effect of water absorption of fine aggregates. The aggregates, cement, and water were then combined and mixed in a machine mixer as per ASTM C 192 [19] . Slump tests were also conducted on fresh concrete as per ASTM C143 [20] and corresponding values are reported in Table 3 . Concrete mixes for which slump value exceeded the design range of 25 to 50 mm were discarded and remixed.
For every set of concrete with particular target compressive strength, a total of three 300 mm × 150 mm cylinder specimens and six 150 mm × 150 mm cubes were cast. Cylinder specimens were subjected to compressive strength test as per ASTM C39 [21] maintaining a loading rate between 0.25 and 0.30 MPa/sec. Three cube specimens were subjected to water permeability testing. The remaining three cubes were used to determine density, water absorption, and porosity in hardened concrete as per ASTM C642 [22] .
Water Permeability Testing.
European standard AT 315 apparatus was used to determine the water permeability of concrete according to EN 12390-8 [9] . The apparatus was connected to a normal air compressor capable of ensuring at least 5 bar compressed air continuously and equipped with dehumidifier and oil filter. Connection then was made to the laboratory water supply and to a drainage system. A specimen was subjected to test when its age was at least 28 days. For testing, the specimen was placed on the apparatus in such a manner that the water pressure act on the test area which actually is a 75 mm diameter area at the center of the bottom surface of the 150 mm by 150 mm cube. Water pressure of (500 ± 50) kPa for (72 ± 2) hours was applied on this surface. After the pressure had been applied for the specified time, the specimen was removed from the apparatus. The face on which the water pressure was applied was wiped to remove excess water. The specimen was then split in half, perpendicularly to the face on which the water pressure was applied. As soon as the split face has dried to such an extent that the water penetration front can be clearly seen, maximum depth of penetration under the test area was recorded and measured to the nearest millimeter. Figure 1 shows example of such penetration area and marked penetration front in a brick aggregate concrete sample.
The depth of water penetration inside the specimen can be converted to its equivalent coefficient of water permeability using Valenta's equation [23] :
where is depth of penetration of concrete in meters, ℎ is hydraulic head in meters, is time under pressure in seconds, and V is the fraction of the volume of concrete occupied by pores.
The value of V represents discrete pores, such as air bubbles, which do not become filed with water except under pressure and can be calculated from the increase in the mass of concrete during the test. Table 4 shows compressive strength test results on concrete samples prepared. As can be seen, compressive strength achieved using stone aggregate concrete is fairly close and lies within 15% of the target compressive strength. On the other hand, achieved compressive strength using brick aggregate was far less than target strength. For example, for concrete of 40 MPa target strength, the achieved compressive strength varied between 21 and 27.9 MPa, that is, about 30 to 47.5% lower than the target strength. For 20 MPa concrete, the difference is, however, smaller. As can be seen in Table 4 , clear difference is found in water absorption and porosity between brick and stone aggregate concrete. In the current testing scheme, water absorption and porosity for stone aggregate concrete were found to vary between 1.5 to 4% and 3.8 to 8.9%, respectively, whereas, for brick aggregate concrete, water absorption and porosity varied between 5.9 to 9.9% and 7.6 to 15.8%, respectively. That is, for equivalent compressive strength, water absorption and porosity in brick aggregate concrete were 60% to 80% higher. Similar trend was observed for brick aggregate concrete by other researchers [5, 8] .
Results and Discussion
Strength of Concrete, Water Absorption, and Porosity.
Compressive Strength of Concrete and Water Permeability.
Water permeability of concrete made from natural stone and brick aggregate with respect to its compressive strength are presented in Figures 2 and 3 , respectively. Coefficient of water permeability in this testing scheme for natural stone aggregate concrete was found to vary between 0.02 × 10 −11 and 1.2 × 10 −11 m/s. These values are in agreement with available results on natural stone aggregate concrete [24] [25] [26] . For brick aggregate concrete, coefficient of water permeability varied between 2.2 × 10 −11 and 6 × 10 −11 m/s for the range of compressive strength of concrete tested (16.7 to 27.9 MPa). For a particular / ratio, a well fitted straight line relationship was observed between coefficient of water permeability and compressive strength of stone aggregate concrete ( Figure 2 ). Although not as fitting, an approximate straight line relationship between compressive strength and coefficient of water permeability for a specific / ratio can still be identified for brick aggregate concrete (Figure 3) . Observation of Figures 2 and 3 shows that, for both stone and brick aggregate concrete, increased / ratio in the concrete mix results in corresponding increase in water permeability coefficient. Also, steeper curves suggest that percent increase in water permeability coefficient with respect to increase in compressive strength is more significant in stone aggregate concrete. Next, coefficient of water permeability of brick aggregate concrete was compared to that of stone aggregate concrete of identical compressive strength. Linear variation was observed between coefficient of water permeability and compressive strength for both brick and stone aggregate concrete. Accordingly, coefficient of water permeability was evaluated by linear extrapolation of obtained test data in the range of compressive strength for which test data was not available. Comparison shows that water permeability coefficient of brick aggregate is several times higher than corresponding water permeability coefficient of stone aggregate concrete of identical compressive strength. Figure 4 shows such comparison where percent increase in water permeability for brick aggregate compared to that of stone aggregate concrete of identical compressive strength is plotted. Three data sets are plotted in this figure, one for each / ratio, that is, 0.4, 0.5, and 0.6. For / ratio of 0.4 and for concrete of equivalent compressive strength, coefficient of water permeability of brick aggregate concrete is 225 to 350% times higher. For / ratio of 0.5, increase in coefficient of water permeability of brick aggregate concrete ranges from 300 to 425%, whereas, for / ratio of 0.6, coefficient of water permeability of brick aggregate concrete is 350 to 550% higher than that of stone aggregate concrete of identical compressive strength. Therefore, depending on compressive strength and / ratio, water permeability of concrete with crushed clay brick as coarse aggregate is 225 to 550% higher than corresponding concrete with natural stone as coarse aggregate.
Water Permeability Related to Water Absorption and
Porosity in Hardened Concrete. Both porosity and water absorption of brick aggregate concrete were found to be 60% to 80% higher (Table 4) making it much more pervious than natural stone aggregate concrete of equivalent strength. Porosity and water absorptions are indication of pores or voids in concrete through which water permeates. Therefore, increase in these parameters results in corresponding increase in water permeability [23] . and 6, respectively. Observation of these figures shows that a linear relationship exists between these parameters and water permeability coefficient for a specific / ratio. Also, as can be seen, relatively flat slope of these straight lines indicates that water permeability coefficient of brick aggregate concrete is very much sensitive to these parameters. A similar linear behavior between porosity and water permeability was also observed for pervious concrete [26] .
Water Permeability Related to Brick and Brick Aggregate
Properties. Two important indicative properties of brick and brick aggregate are crushing strength of brick and water absorption of brick aggregate. Observation of Table 2 shows that bricks with higher compressive strength produce aggregates that have higher specific gravity and density as well as lower water absorption and LA abrasion values. Consequently, concrete produced from bricks with higher compressive strength has lower porosity (Table 4) and therefore it is less permeable. This is reflected in Figures 7 and 8 , where crushing strength of brick and water absorption of brick aggregate is correlated with water permeability coefficient of concrete made from those aggregates, respectively. It may be seen from these figures that, for a specific / ratio, an approximately linear relationship exists between water permeability of brick aggregate concrete and these two parameters. Understandably, increase in crushing strength of brick is associated with decrease in water permeability. On the other hand, increase in water absorption of brick aggregate results in corresponding increase in water permeability of concrete. As an example, if crushing strength of brick is increased from 15 to 25 MPa, water permeability of concrete is reduced from 4.75 × 10 −11 m/s to 2.75 × 10 −11 m/s; that is, 66% increase in crushing strength of brick reduces water 8 Advances in Materials Science and Engineering permeability of corresponding concrete by about 42%. 1 × 10 −11 m/s increase in coefficient of water permeability of brick aggregate concrete is observed when water absorption of brick aggregate is increased by 2 to 3%, whereas, for 2% increase or decrease in water absorption of brick aggregate, permeability coefficient of corresponding concrete is found to increase or decrease, respectively, in a range of 0.8 × 10 −11 m/s to 1.1 × 10 −11 m/s.
Conclusion
This paper examined the water permeability properties of crushed clay brick aggregate concrete and compared it with concrete made from natural stone aggregate. Based on experimental results found in this study, it can be concluded that coefficient of water permeability of brick aggregate concrete is always higher than natural stone aggregate concrete of equivalent strength. Depending on compressive strength and / ratio, coefficient of water permeability of brick aggregate concrete may be 225% to 550% higher than that of stone aggregate concrete.
Additionally, following conclusions can be made based on the observations and experimental results in this investigation:
(i) For equivalent compressive strength, water absorption and porosity in hardened brick aggregate concrete are 60% to 80% higher compared to those in stone aggregate concrete.
(ii) For a specific / ratio, compressive strength and water permeability of brick aggregate concrete are linearly related. Increase in strength shows a corresponding decrease in water permeability coefficient and vice versa.
(iii) For a specific / ratio, linear relationship exists between water absorption and porosity in hardened brick aggregate concrete and its water permeability coefficient. Also, water permeability coefficient is very much sensitive to these parameters.
(iv) Coefficient of water permeability of brick aggregate concrete is linearly related to crushing strength of brick. 66% increase in crushing strength of brick reduces water permeability of corresponding concrete by about 42%.
(v) Coefficient of water permeability in brick aggregate concrete is linearly related to water absorption of brick aggregate. For 2% increase or decrease in water absorption of brick aggregate, permeability coefficient of corresponding concrete is found to increase or decrease, respectively, in a range of 0.8 × 10 −11 m/s to 1.1 × 10 −11 m/s.
